There is a growing recognition that glucocorticoid (GC) acts as an internal timing signal for peripheral circadian oscillators. However, the transcription process of GC-related clock gene in the peripheral tissues is not fully understood. The present study was designed to explore the potential role of clock genes in the GC-induced peripheral circadian gene expression in vivo. Real-time RT-PCR analysis indicated that the transcript levels of Per1 and Dec1 were rapidly up-regulated within 0.5 and 1 h in the heart and kidney respectively after stimulation with dexamethasone (Dex). These results suggest that Per1 and Dec1 serve as the primary and secondary responsers respectively in initiating the GC-induced peripheral circadian gene expression. By comparing the effects of the different GC administration schedules on the circadian rhythm of clock genes in peripheral tissues in rats, we found that the circadian phases of Bmal1 and Per1 were shifted more in the ZT0 (endogenous valley time) Dex stimulation group than in the ZT12 (endogenous peak time) Dex stimulation group in heart and kidney under the normal LD cycle. Under the jet lag condition, the circadian phases of Bmal1 and Per1 were also shifted more in the ZT0 Dex stimulation group than in the ZT12 Dex stimulation group. Therefore, the GC stimulation in the endogenous valley time caused circadian disorder in the normal LD cycle, but it might benefit the circadian resetting of peripheral clocks under the LD reversal condition.
Introduction
The circadian timing system, an important mechanism in predicting and adapting to environmental cues of light, food, and temperature, is present in almost all living organisms [1] . Mammalian circadian clocks are composed of a set of interlocking gene expression [2] . In the positive loop, the transcription factors CLOCK and BMAL1 drive rhythmic transcription of Period (Per1-3) and Cryptochrome (Cry1-2) genes [3] . PERs and CRYs form heterodimers that translocate to the nucleus, where CRYs act as negative regulators by interacting with CLOCK and/or BMAL1, forming a negative feedback loop [4, 5] . The nuclear orphan receptor genes Rev-erbα and Rorα are activated by the CLOCK:BMAL1 heterodimer to produce proteins that have opposing actions on Bmal1 transcription [6, 7] .
In mammals, the light/dark (LD) cycle is thought to be the most powerful zeitgeber which can effectively control the timing of the master clock localized in the hypothalamic suprachiasmatic nucleus (SCN) [8] . In addition, timed restricted feeding has also been shown to have a potent synchronizing effect on the mammalian circadian system [9, 10] . Moreover, RF (restricted feeding) animals are able to predict mealtime, as revealed by anticipatory behaviors of locomotor activity, body temperature, plasma corticosterone, gastrointestinal motility, and digestive enzyme activity [9, 11] , which are known as output systems of the biological clock. Previous studies have suggested that glucocorticoid (GC) acts as an entraining signal for peripheral circadian oscillators in vivo and in vitro [12] [13] [14] [15] [16] [17] [18] . They are rhythmically secreted by the adrenal gland peaking with the onset of activity (the beginning of dark period in nocturnal animals). Rhythmic secretion of corticosterone is tightly controlled by the SCN [12, 19] . Glucocorticoid receptors are abundant in many peripheral tissues, but not in adult SCN neurons, which makes these hormones suitable candidates as entraining signals for circadian oscillators in peripheral organs [13, 20] . These lines of evidence have manifested the important role of GCs in the regulation of peripheral circadian clocks.
Understanding of the time-dependent effects of GC could provide opportunities for pharmacological manipulation of circadian timing. The identification of early response clock components in the circadian system could not only provide insight into the organization of the mammalian circadian timing system, but also supply new indicators to explore the mechanism of GC-induced peripheral circadian entrainment. Therefore, in this study, we investigated the mechanism underlying the associations of GC with endogenous circadian rhythm and explored the response and potential role of clock genes in the GC-induced peripheral circadian gene expression in vivo. In addition, we also compared the effects of the different GC administration schedules on the circadian rhythm of clock genes in peripheral tissues in rats.
Materials and Methods

Animals and experimental design
Male Wistar rats (National Laboratory Animal Resource Center, Shanghai, China) were maintained under a 12 h light:12 h dark (LD) cycle in our animal facilities (illumination with fluorescent strip lights, 200 lux at cage level; 22°C ± 1°C). Water was available ad libitum; food was provided only in the dark period. The onset of light was defined as Zeitgeber time 0 (ZT0); the onset of darkness was defined as ZT12. Rats were adapted to this lighting and feeding condition for at least 2 weeks before the following experiments.
To examine the effect of short-term GC stimulation on the rapid response of the peripheral clock genes, rats were divided into two groups and then transferred to darkness (DD) after 1 day of fasting. The purpose of fasting was to eliminate the cross effect of food stimuli on circadian clocks. In the Dex group, 1 mg/kg body mass of the glucocorticoid analog dexamethasone (Dex) was intraperitoneally injected into the rats at ZT0. In the control group, the same amount of phosphate-buffered saline (PBS) was intraperitoneally injected into the rats at ZT0. Then, all rats were sampled at 0.5, 1, 2, 4, and 6 h after the Dex or PBS stimulation ( Supplementary Fig. S1 ).
To examine the effect of GC stimulation on circcadian rhythm of peripheral clock genes in rats, rats were divided into three groups: the control group, the normal LD group and the jet lag group. In the normal LD group, 1 mg/kg body mass of the glucocorticoid analog dexamethasone (Dex) was intraperitoneally injected into the rats at ZT0 or ZT12 everyday for 7 days. The animals were sampled at 4 h intervals on Day 7. In the jet lag group, the condition of both LD cycle and feeding schedule were reversed for 3 days by extending the dark period for 24 h. And 1 mg/kg body mass of the Dex was intraperitoneally injected into the rats at ZT0 or ZT12 everyday for 3 days after the reversal of LD cycle. Rats in this group (four per each time point) were sampled every 4 h on the third day. In the control group, four rats per each time point were sacrificed at different times of the daily cycle starting from ZT0 with a 4 h interval, which were not treated with Dex ( Supplementary Fig. S2 ). In addition, a pre-experiment was performed to compare the effect of vehicle injection on the circadian rhythm of rats, but no difference was found whenever the vehicle injection was performed at anytime of a day. Therefore, only one control group we used in the normal LD cycle as a contrast to the other experiment groups.
All rats were killed after deep anesthesia by an i.p. injection of pentobarbital sodium. The hearts and kidneys were quickly removed, immediately frozen in liquid nitrogen, and kept at -80°C until RNA extraction. Every effort was made to minimize animal suffering and the number of rats required for each experiment. All experiments were performed according to international ethical standards [21] , and the study was approved by the Research Committee of Zhejiang University of Technology.
RNA isolation and reverse transcription
Total RNA of the hearts and kidneys was isolated by using TRIZOL Reagent (Takara, Dalian, China) according to the manufacturer's instructions. The quality of RNA samples was checked by ethidium bromide staining of RNA samples separated on denatured agarose gels, and assessed by measuring the optical density of each sample at 260 and 280 nm. Then, the extracted total RNA was reverse-transcribed by using the M-MLV reverse transcriptase kit (TOYOBO, Tokyo, Japan) according to the manufacturer's instructions.
Real-time RT-PCR
The real-time PCR was performed on an Eppendorf MasterCycler ep RealPlex4 (Eppendorf, Wesseling-Berzdorf, Germany), using the SYBR ExScript PCR Kit (TOYOBO) as described previously [22] . Primer sequences of the target genes were designed according to software Table 1 . Sequence of primers used for PCR amplification
Gene
Accession number
Primer sequence 5′ to 3′
Forward, GACAACTTTGGCATCGTGGA Reverse, ATGCAGGGATGATGTTCTGG Primer Premier 5.0 (Premier Biosoft International, Palo Alto, USA) and are shown in Table 1 . The data were normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA in each sample to eliminate variations in mRNA and cDNA quantity and quality.
Peak time analysis
The peak phase of each cycling gene from the peak time of the most highly correlated cosine wave was estimated. The mRNA levels were fitted in Matlab 7.0.1 program by a nonlinear least-squares regression with the following cosine-wave equation (cosinor):
where y represents the level of mRNA, A is the mean level of mRNA, B is the amplitude of the mRNA oscillation, C is the acrophase of the mRNA oscillation, and T is the time (h). The peak time was considered when the mRNA level at a given time-point was within 95% confidence bounds of the expected acrophase. The value of R 2 reflects the goodness of fit. The cosine fit was considered to be statistically significant when F was greater than F 0.05 (*F > F 0.05 ).
Data analysis
All data were presented as the mean ± standard error of mean (SEM) from four animals. Significant differences between groups were determined by one-way ANOVA followed by the StudentNewman-Keuls test. Differences at a given time point were considered statistically significant when P was less than 0.05.
Results
Effect of Dex on the rapid response of clock gene expression in the heart Figure 1 shows the change in the transcript levels of several clock genes in the heart after the Dex stimuli at ZT0 analyzed by real-time RT-PCR. In general, the transcript levels of Per1, Per2 and Dec1 were significantly increased, while the transcript levels of Per3, Dec2 and Rev-erbα were obviously decreased after Dex stimulation. Among these genes, the transcript level of Per1 was transiently increased (3 folds) within 0.5 h after Dex stimulation (P < 0.05). Dec1, Dec2, and Rev-erbα were the subsequent responsive genes, which showed significant up-regulation (Dec1) and down-regulation (Dec2 and Rev-erbα) of mRNA levels after 1 h of Dex stimulation Figure 1 . Rapid response of clock gene expression in the heart after Dex stimulation After 1 day of fasting, rats were divided into two groups and then transferred to darkness (DD). In the Dex group, 1 mg/kg body mass of the glucocorticoid analog Dex was intraperitoneally injected into the rats at ZT0. In the control group, the same amount of PBS was intraperitoneally injected into the rats at ZT0. Then, rat hearts were sampled at 0.5, 1, 2, 4, and 6 h after the Dex or PBS injection. Results are expressed as values relative to the minimum value of both groups. Data are presented as the mean ± SEM of four animals (*P < 0.05). Figure 2 . Rapid responses of clock gene expression in the kidney after Dex stimulation After 1 day of fasting, rats were divided into two groups and then transferred to darkness (DD). In the Dex group, 1 mg/kg body mass of the glucocorticoid analog Dex was intraperitoneally injected into the rats at ZT0. In the control group, the same amount of PBS was intraperitoneally injected into the rats at ZT0. Then, rat kidneys were sampled at 0.5, 1, 2, 4, and 6 h after the Dex or PBS injection. Results are expressed as values relative to the minimum value of both groups. Data are presented as the mean ± SEM of four animals (*P < 0.05).
(P < 0.05). With regard to Bmal1 and Cry1, their transcript levels were significantly altered at only one time point after Dex stimulation (P < 0.05).
Effect of Dex on the rapid response of clock gene expression in the kidney Figure 2 shows the change in the transcript levels of several clock genes in the kidney after Dex stimulation at ZT0 analyzed by realtime RT-PCR. In general, the transcript levels of Per1, Per2, and Dec1 were significantly increased, while the transcript levels of Per3, Dec2, and Rev-erbα were obviously decreased after Dex stimulation. Among these genes, the transcript levels of Per1 were transiently increased (3.8 folds) within 0.5 h after Dex stimulation (P < 0.05). Dec1 and Rev-erbα were the subsequent responsive genes, which showed significant up-regulation (Dec1) and downregulation (Rev-erbα) at the mRNA levels after 1 h of Dex stimulation (P < 0.05). With regard to the other examined clock genes, their transcript levels were only obviously altered after 2 h of Dex stimulation (P < 0.05).
Effect of Dex on circadian rhythm of clock genes in the heart and kidney under the normal LD cycle Figure 3A shows the circadian rhythm of clock genes Bmal1 and Per1 in the heart. There was significant daily variation in the mRNA level of Bmal1 and Per1, which peaked at ZT0 and ZT12 under the normal LD cycle, respectively (Peak time analysis, Table 2 ). In the Dex0 group, the expression patterns of Bmal1 and Per1 altered significantly and showed a 4-8 h peak phase shift, respectively (Peak time analysis, Table 2 ). In contrast, the expression patterns of these clock genes were not altered in the Dex12 group (Peak time analysis, Table 2 ).
In the kidney, Bmal1 and Per1 also showed significant daily variation of mRNA level (Fig. 3B) , which peaked at ZT0 and ZT12 under the normal LD cycle, respectively (Peak time analysis, Table 3 ). In the Dex0 group, the expression patterns of Bmal1 and Per1 altered significantly and showed 4 and 8 h peak phase shift, respectively (Peak time analysis, Table 3 ). In contrast, the expression patterns of these clock genes were not altered in the Dex12 group (Peak time analysis, Table 3 ).
Effect of Dex on circadian rhythm of clock genes in the heart and kidney under the jet lag condition Figure 4A shows the circadian rhythm of clock genes Bmal1 and Per1 in the heart. There was significant alteration in the circadian patterns of Bmal1 and Per1 in both Dex-treated groups when compared with those in the control group (Peak time analysis, Table 2 ). In the DL-Dex0 group, the expression patterns of Bmal1 and Per1 altered significantly and showed 8 h peak phase shift, respectively (Peak time analysis, Table 2 ), while the expression patterns of these clock genes were only shifted 4 h in the DL-Dex12 group (Peak time analysis, Table 2 ).
In the kidney, Bmal1 and Per1 showed significant alteration of circadian patterns in both Dex-treated groups (Fig. 4B) compared to those in the control group (Peak time analysis, Table 3 ). In the DLDex0 group, the expression patterns of Bmal1 and Per1 altered significantly and showed 8 h peak phase shift, respectively (Peak time analysis, Table 3 ), while the expression patterns of these clock genes were only shifted 4 h in the DL-Dex12 group, respectively (Peak time analysis, Table 3 ).
Discussion
GC, acts as an internal timing signal for peripheral circadian oscillators, has been extensively studied in recent years [12, 13, 19] . However, the GC-related transcriptional mechanism of clock gene expression in the peripheral clocks has not been fully understood. Therefore, in this study, we examined the rapid responses of clock genes in the peripheral tissues to the GC stimulation. Real-time RT-PCR analysis indicated that the transcript level of Per1 was rapidly and significantly up-regulated within 0.5 h in the heart and kidney after Dex stimulation, which is a faster response of clock gene to the stimulation of glucocorticoids compared with previous studies that a 1-h restraint stress elevated Per1 mRNA expression in vivo [23] and 1-h GCs treatment activated Per1 expression in vitro [13] . This observation was similar to the response of the SCN clock to the light pulse, in which Per1 was the most rapidly induced gene by a pulse of light [24] [25] [26] . In addition to the rapid response of Per1, the transcript level of Dec1 was also up-regulated within 1 h in the heart and kidney after Dex stimulation, but with lower amplitude, which was in accordance with the response of the same gene in the SCN clock to the light pulse [27] . This observation is different from the report by Yamamoto et al. [23] that a 1-h restraint stress only elevated Per1 mRNA expression in mouse peripheral organs. This may be because that 1-h Dex stimulation is stronger than 1-h restraint stress to induce the glucocorticoid stimuli. Thus, the response of Dec1 to 1-h restraint stress may be difficult to detect. As for the other clock genes, the inhibition or slow induction of transcript *Statistical significance of the cosine fit was considered when F was more than F 0.05 (F > F 0.05 ). Acrophase time was considered when the mRNA level at a given time-point was within 95% confidence bounds of the acrophase. The value R 2 reflects goodness of fit. Phase shift was the time lag between the acrophase time in the control condition and that under the experimental condition. levels of Bmal1, Cry1, Per2, Per3, Dec2, and Rev-erbα seemed to be induced by an indirect modulation of the Dex stimuli, which might result in a shift in the circadian feedback loops. Thus, our observation of the rapid response of Per1 to the GC stimulation in the peripheral clocks supports the hypothesis that Per1 may be essential for receiving and entraining the internal GC time cue [23] . Moreover, further studies using animals with Per1 or Dec1 mutations are required to examine the exact role of these two clock genes in the GC-induced circadian alteration of clock genes. Additionally, mammalian self-sustained circadian rhythmicity of the circadian clock relies on interlocking transcriptional/translational feedback loops [2, 28] , among which the basic helix-loop-helix-PAS transcription factor Bmal1 acts as a positive regulator, and most other clock genes operate as negative regulators. Therefore, based on the observation indicated above, Bmal1 and Per1 were chosen as molecular markers to further examine the effect of GC on the circadian rhythm of peripheral clocks. It was found that the circadian phases of examined clock genes shifted 4 h in the ZT0 Dex stimulation group but not in the ZT12 Dex stimulation group in heart and kidney, respectively. Previous studies regarding the light responsiveness of clock genes indicated that some light-sensitive genes like Per1 and Dec1 were induced by light in a time-of-day-specific manner in the SCN, hardly responding to the light pulse in the subjective day [26, 27] . These observations support the idea that circadian clocks have the time-dependent responsive mechanism in response to external time cues.
To further examine the time-dependent responsive mechanism of peripheral clock to the GC stimulation, we examined the circadian rhythm of peripheral clocks under the jet lag condition. It was found that the expression patterns of Bmal1 and Per1 in two examined peripheral tissues altered significantly and showed an 8-h peak phase shift in the ZT0 Dex stimulation jet lag group, which were only shifted 4 h in the ZT12 Dex stimulation jet lag group, respectively. This observation further confirmed the time-dependent effect of GC in circadian regulation, suggesting the efficient role of GC in alleviating jet lag response. In addition, a previous fascinating experiment [29] revealed that light induces gene expression in adrenal gland and an increase in corticosterone secretion via the SCN-sympathetic nervous system pathway. Thus, the time-dependent effect of GC in circadian regulation may be a good mechanism by the SCN clock synchronizing peripheral clocks. Therefore, the phase-response curve of clock genes in the peripheral tissues to the GC stimulation need to be further explored, which may be valuable to alleviate the side effects caused by the administration of exogenous GCs on different organs.
In conclusion, our results suggest that Per1 and Dec1 serve as primary and secondary responsers in initiating the GC-induced peripheral circadian gene expression, respectively. As such, these genes may be important therapeutic targets for managing GC-induced circadian disorders. Moreover, we also found that the circadian phases of Bmal1 and Per1 were shifted more in the ZT0 (endogenous valley time) Dex stimulation group than in the ZT12 (endogenous peak time) Dex stimulation group in the heart and kidney under the normal LD cycle. In the jet lag condition, the examined circadian phases of Bmal1 and Per1 were also shifted more in the ZT0 Dex stimulation group than in the ZT12 Dex stimulation group. Therefore, the GC stimuli during the endogenous valley time can cause circadian disorder in the normal LD cycle, but it may benefit the circadian resetting of peripheral clocks in the LD reversal condition.
Supplementary Data
Supplementary data is available at Acta Biochimica et Biophysica Sinica online.
Funding
